Male field crickets generate calls to attract distant females through tegminal stridulation: the 26 rubbing together of the overlying right wing which bears a file of cuticular teeth against the 27 underlying left wing which carries a sclerotised scraper. During stridulation, specialised areas of 28 membrane on both wings are set into oscillating vibrations to produce acoustic radiation. The 29 location of females is unknown to the calling males and thus increasing effective signal range in all 30 directions will maximise transmission effectiveness. However, producing an omnidirectional sound 31 field of high sound pressure levels may be problematic due to the mechanical asymmetry found in 32 this sound generation system. Mechanical asymmetry occurs by the right wing coming to partially 33 cover the left wing during the closing stroke phase of stridulation. As such, it is hypothesised that the 34 sound field on the left-wing side of the animal will contain lower sound pressure components than 35 on the right-wing side as a result of this coverage. This hypothesis was tested using a novel method 36 to accurately record a high resolution, three dimensional mapping of sound pressure levels around 37 restrained Gryllus bimaculatus field crickets singing under pharmacological stimulation. The results 38 indicate that a bilateral asymmetry is present across individuals, with greater amplitude components 39 present in the right wing side of the animal. Individual variation in sound pressure to either the right 40 or left-wing side is also observed. However, statistically significant differences in bilateral sound field 41 asymmetry as presented here may not affect signalling in the field. The males of the field cricket Gryllus bimaculatus de Geer (Orthoptera; Gryllidae) generate acoustic 50 signals for communication using tegminal stridulation (Pierce 1948; Ewing 1989) . One wing is 51 endowed with a series of cuticular teeth along a modified wing vein known as the stridulatory file or 52 pars stridens (known as the file-bearing wing, hereafter FBW). The other wing lies below the FBW 53 and has along its medial edge a hardened region known as the scraper or plectrum (the plectrum-54 bearing wing -PBW). As the scraper of one wing is passed over the file of the other, the tooth-55 scraper interactions produce vibrations which excite special areas of membrane on the wings that 56 oscillate to radiate sound (Pierce 1948) . Male field crickets stridulate conventionally with the right 57 wing on top although in rare cases the left wing will be on top (Masaki et al. 1987 individual's quality (Searcy and Andersson 1986 ). In crickets, increased age and body size co-vary as 76 reliable indicators of male quality (Simmons 1995) and larger males produce louder calls which, 77 along with other call parameters indicating body size, are preferred by females (Simmons 1988) . 78
Without passive attraction to the nearest male occurring (Forrest and Raspet 1994), then males 79 producing a louder call will attract more females than males producing a less intense signal (Pacheco 80 and Bertram 2014). 81
82
The production of such acoustic signals at high intensities has an associated metabolic cost 83 (Prestwich 1994; Prestwich 2005 interference along the edge of the membrane (Russel et al. 1999 ). This reduced net force on the 90 fluid medium (air) which makes dipoles less efficient than monopoles at radiating sound, especially 91 at low frequencies (Bennet-Clark 1998; Russell et al. 1999 ). Increasing calling efficiency through 92 reducing destructive interference can be achieved through the use of a baffle which acts as a 93 physical barrier along the edge of the disc to prevent the sound waves from one side affecting the 94 waves from the other (Forrest 1982) . This is seen in tree crickets that make baffles for their wings 95 1987; Forrest 1991) that use burrows as both an infinite baffle and an exponential horn to increase 97 output amplitude (Daws et al. 1996) . Field crickets do not use external baffles, burrows or a 98 resonating chamber (Prestwich 2000) and sing freely in the environment. As such it appears that freeF o r P e e r R e v i e w O n l y 5 singing field crickets utilise an efficient resonant system for sound production from sound generator 100 structures operating with the associated physical limitations of forewing membrane morphology. 101
102
The radiating cells on the wings of tree crickets and short-tailed crickets (acting as dipole radiators) 103 produce a directional dumbbell shaped sound field along the anteroposterior axis of the animal due 104 to the destructive interference (Forrest 1982; Forrest 1991) . The dumbbell shaped sound field is a 105 product of the physical properties of the membranes and omnidirectional transmission cannot be 106 increased except through behavioural changes of body position during bouts of singing to effectively 107 beam the signal across different directions (e.g. rotating through angles of azimuth). However, there 108 is no evidence for this behaviour in field crickets. Within the limits of the system, maximum 109 effectiveness of signal transmission can be expected to be facilitated across all axes of sound 110
transmission. Yet what is particular to tegminal stridulation in crickets, as opposed to animals using 111 vocalisations, is a mechanical asymmetry during sound production. 112
113
In bush crickets, the morphological asymmetries of the wings are acute (Montealegre-Z et al. 2003 ; 114
Montealegre-Z and Mason 2005), while the wings of field crickets exhibit comparatively high levels 115 of morphological symmetry (Pitchers et al. 2014 ). Yet functionally, in field crickets, there are still 116 differences between the left and the right wing. Evidence exists demonstrating the relationship 117 between frequency modulation and morphological asymmetry of the wings (Simmons and Ritchie 118 1996) as well the differing amplitude responses from each wing (Montealegre-Z et al. 2011) . Beyond 119 such investigations into morphological asymmetry of the wings, the effect which the mechanical 120 asymmetry in the sound generation system has on the sound field has received relatively little 121 attention. In field crickets the mechanical asymmetry in stridulation occurs as a result of the FBW 122 coming to partially cover the PBW during each closing stroke. Despite the PBW having a greater 123 amplitude response (Montealegre-Z et al. 2011 ) this coverage suggests that the levels of sound 124 pressure from the underlying PBW (left-wing side in field crickets), should be lower than those from relative amplitudes will be facilitated by the insect being completely restrained, something which 147 has not been done before in crickets. 148
Using pharmacological stimulation and a robotic arm controlling a microphone, this study presents a 149 high resolution mapping of the sound field around a restrained and singing field cricket. We tested 150 the hypothesis that the sound field around a singing cricket should be asymmetrical as a result of the 151 22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59 for hiding positions and these were removed for specimen selection. After the crickets had 178 acclimatised to the egg box removal, individuals were chosen and kept in individual cages for 1-2 179 days prior to experimentation to ensure minimal damage to the wings from conspecific encounters. 180
Individuals who exhibited more calling behaviour in the natural condition were chosen for the 181 experiment preferentially as the calling song from these specimens was more easily recorded in the 182 natural state and they responded better to the pharmacological elicitation process. Only young 183 males (within ten days after the final moult) were used and specimens were chosen shortly after the 184 majority of individuals in the colony had become imagos. The natural calling song of 33 males was 185 recorded on the same day they were used for the pharmacological elicitation process (see details 186 below). All males recorded exhibited the conventional wing overlap of RW over LW. 187
Mounting specimens 188
To obtain accurate acoustic recordings at equal distances from a singing animal, the sound source 189 cannot move in relation to the microphone. As such, males must be restrained as this prevents the 190 individual from moving and allows for easy dissection in preparation for the treatment. 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59 of points were then traced in a raster fashion (around the origin of the quarter-sphere) with a KUKA 242 robot (KUKA Robotics, Germany) to which a GRAS type 40DD 1/8 inch condenser microphone 243 (G.R.A.S. Sound and Vibration, Holte, Denmark) was attached. The microphone was connected to a 244 GRAS type 12AA preamplifier which was connected to a sound board (USB-6259, National 245
Instruments, Austin, TX) and then to the controlling computer. The robot was programmed using KRL 246 (KUKA Robot Language; KUKA Robotics, Germany) and the controller was set to output a voltage 247 pulse of 100 ms at every point in the quarter-sphere and trigger the microphone to record for one 248 second at 50 kHz sampling rate. All recordings were performed using a custom LabVIEW program. 249
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